The translation of reverse transcriptase and other essential viral proteins from the HIV-1 Pol mRNA requires a programmed ±1 ribosomal frameshift. This frameshift is induced by two highly conserved elements within the HIV-1 mRNA: a slippery sequence comprised of a UUUUUUA heptamer, and a downstream stem±loop structure. We have determined the structure of the HIV-1 frameshift inducing RNA stem±loop, using multidimensional heteronuclear nuclear magnetic resonance (NMR) methods. The 22 nucleotide RNA solution structure [root mean squared deviation (r.m.s.d.) = 1.2 A Ê ] was determined from 475 nuclear Overhauser effect (NOE)-derived distance restrains, 20 residual dipolar couplings and direct detection of hydrogen bonds via scalar couplings. We ®nd that the frameshift inducing stem±loop is an A-form helix capped by a structured ACAA tetraloop. The ACAA tetraloop is stabilized by an equilateral 5¢ and 3¢ stacking pattern, a sheared A±A pair and a cross-strand hydrogen bond. Unexpectedly, the ACAA tetraloop structure is nearly identical to a known tetraloop fold, previously identi®ed in the RNase III recognition site from Saccharomyces cerevisiae.
INTRODUCTION
HIV-1 replication requires the expression of viral reverse transcriptase, protease and integrase which are produced from a Gag-Pol polyprotein that is the result of a ±1 frameshift event (1) . The frameshift event is essential for HIV-1 replication (2) . Two RNA elements within the mRNA are required for frameshifting: (i) a heptanucleotide slippery sequence (UUUUUUA) within which the frameshift occurs, and (ii) a highly conserved downstream sequence that is predicted to form a stem±loop structure (3±5).
The frameshift inducing stem±loop element is predicted to be highly stable based on secondary structure prediction algorithms, and is strongly conserved among all known HIV-1 isolates (6) . The stem±loop is predicted to contain at least 11 Watson±Crick base pairs, capped by an ACAA tetraloop sequence (1, 4, 5, 7) . The ACAA tetraloop is highly conserved, and found in 86.3% of plasma isolates (4) . Thermodynamic stability appears to be important for the function of the frameshift inducing stem±loop, as the sequences found with highest frequency in plasma isolates are also predicted to be the most thermodynamically stable (4) .
The frameshift inducing stem±loop is functionally critical for HIV-1 replication (5). The programmed ±1 frameshift occurs at 5±10% ef®ciency (1) , resulting in an approximately 10:1 or 20:1 ratio in the expression of Gag to Gag-Pol, depending on the assay used to measure the ratio (5, 8, 9) . This stoichiometry of Gag/Gag-Pol proteins is conserved among retroviruses and is important for viral RNA dimerization and infectivity (10) . Increasing or decreasing the frameshift ef®ciency signi®cantly reduces the amount of infective virus particles produced (2) . The murine leukemia virus frameshift inducing pseudoknot can be functionally replaced by the HIV-1 stem±loop, indicating that the HIV-1 frameshift inducing stem±loop can stimulate ±1 frameshifting outside of its native context (11) .
Structural information of the HIV-1 virus is necessary to fully understand its replication mechanism and potential weaknesses. The HIV-1 structural genome is incomplete (12) , and no structural information for the HIV-1 frameshift inducing element exists. In order to understand the mechanism of stem±loop induced frameshifting in HIV-1 and other systems, it is necessary to gain an atomic-level understanding of the structures involved.
MATERIALS AND METHODS

RNA synthesis and puri®cation
RNA was transcribed in vitro using puri®ed His 6 -tagged T7 RNA polymerase and synthetic DNA oligonucleotides (Integrated DNA Technologies), as previously described (13±15). RNA was puri®ed by denaturing 20% polyacrylamide gel electrophoresis, identi®ed by UV absorbance and excised from the gel. RNA was recovered by diffusion into 0.3 M sodium acetate, ethanol precipitated, puri®ed on a 6 ml DEAE anion exchange column, again ethanol precipitated and desalted on a 15 ml G-25 gel ®ltration column. The puri®ed RNA was lyophilized, resuspended in water and brought to pH 6.8 by the addition of 1 M NaOH. 13 C/ 15 Nlabeled RNA was prepared using 13 C/ 15 N-labeled rNTPs (Silantes GmbH, Mu Ènchen, Germany). All nuclear magnetic resonance (NMR) samples were 1 mM RNA and 50 mM NaCl. (16) .
Partial alignment of RNA for residual dipolar coupling measurements was achieved by adding 17 mg/ml Pf1 ®lamentous bacteriophage (ASLA Ltd, Riga, Latvia) to the 13 C/ 15 N-labeled samples (17) . 1 H-13 C residual dipolar couplings (RDCs) were measured in the carbon and proton dimensions of 2D 1 H-13 C constant time (CT)-HSQC spectra for adenosine/uridine and guanosine/cytidine 13 C, 15 N-labeled samples in 90% H 2 O/10% D 2 O at 303 K, for both isotropic and partially oriented samples.
All data were processed using XWINNMR software from Bruker. Resonance assignments were completed using Sparky (http://www.cgl.ucsf.edu/home/sparky/).
Interproton distances
NOE distances were estimated from the integrated peak volumes obtained from 2D NOESY spectra. Intense NOEs observable at short mixing times (50 and 75 ms) were assigned as strong (1.8±3.6 A Ê ), medium intensity NOEs observed at 75± 200 ms mixing times were grouped as medium (1.8±5 A Ê ), and low intensity NOEs observable only at long mixing times (200±400 ms) were grouped as weak (3±7 A Ê ). The NOE peak volumes were also integrated and calibrated relative to the average pyrimidine H5-H6 NOE volume, corresponding to the ®xed distance 2.4 A Ê . The integration and peak calibration supported the NOE assignments of strong, medium and weak distances.
Torsion angle constraints
The backbone torsion angles (a, b, g, d, e and z) of the nucleotides in the stem (G1±C9, G14±C22) were constrained to A-form values (18) , which were consistent with NOESY, proton, nitrogen, nitrogen (HNN) COSY and RDC data. The backbone torsion angles of the tetraloop were left unrestrained. 2D TOCSY with a 40 ms mixing time was used to analyze sugar pucker conformations. Nucleotides with strong H1¢-H2¢ and H1¢-H3¢ crosspeaks (C11, A12, A13) were restrained to the C2¢-endo range; nucleotides within the stem did not have H1¢-H2¢ crosspeaks and were thus restrained to the C3¢-endo range; and nucleotide A10, which displayed an intermediate H1¢-H2¢ coupling indicative of an averaging of sugar puckers, was left unrestrained. Analysis of the peak volumes of intranucleotide H1¢-aromatic NOEs from 50 and 75 ms mixing time 2D NOESYs revealed that all nucleotides were in the anti range, and thus the torsion angle c was restrained to 160 T 15°for all nucleotides.
Residual dipolar coupling analysis
Residual Dipolar Couplings were measured using XWINNMR (Bruker) software by calculating the difference between 1 H and 13 C coupling for isotropic and partially aligned samples. PALES software (19) (http://spin.niddk.nih.gov/bax/software/ PALES) was used to estimate the values for the axial (D a ) and rhombic (R) components of the alignment tensor from converged, low energy structures calculated in the absence of RDCs. The PALES predicted values were found to be D a = ±18 Hz and R = 0.28. A grid search (20) method was then employed to obtain the optimal D a and R values, using CNS 1.1(21) (http://cns.csb.yale.edu/v1.1). In the grid search, lowest overall energies were used as a target function and D a was varied from ±14 to ±23 Hz and R was varied from 0.20 to 0.40. The grid search identi®ed optimal values of D a = ±16 Hz and R = 0.28, very close to the original values predicted by the PALES analysis.
Structure calculations CNS 1.1 (21) was used to calculate structures using NOE distance and dihedral restraints, and residual dipolar couplings. The structure calculations closely followed the default values for NMR structure determination of nucleic acids with CNS 1.1. First, an extended (completely unfolded) structure was generated, from which 100 structures were calculated from random initial velocities. The structures were subjected to 60 ps (15 fs timesteps) of restrained molecular dynamics in torsion angle space, followed by 90 ps of slow cooling. Finally, 30 ps (5 fs timesteps) of restrained molecular dynamics in Cartesian coordinate space were performed. For Watson±Crick base pairs that were detected by trans-hydrogen bond experiments, only very weak planarity restraints (10 kcal mol ±1 A Ê ±2 ) were enforced during calculations and hydrogen bonds were maintained by distance restraints. Structures were also calculated without RDCs for comparison. Acceptance criteria of converged structures were low overall energies and no signi®cant NOE (>0.2 A Ê ) or dihedral (>5 A Ê ) violations. Structures were viewed and analyzed using MOLMOL (22) . The ®nal structures were used to back-calculate RDC values. The calculated RDCs were plotted against experimentally measured values and were found to be in excellent agreement.
RESULTS
The sequence of the HIV-1 frameshift inducing element is shown (Fig. 1) , consisting of the slippery site heptamer and a downstream stem±loop of at least 11 predicted Watson±Crick base pairs and an ACAA tetraloop (6) (4) . The construct used for NMR studies begins at the naturally occurring GG dinucleotide within the stem±loop, which facilitates large scale in vitro RNA preparation with T7 RNA polymerase. Thus, the NMR RNA construct is 22 nucleotides in length and contains the potential for nine Watson±Crick base pairs and an ACAA tetraloop (Fig. 1) .
NMR experiments, including 2D 1 H-1 H NOESY, 2D 1 H-15 N HSQC and 2D HNN COSY were performed to analyze base pairing within the HIV-1 frameshift inducing stem±loop. The presence of all nine Watson±Crick base pairs within the stem were con®rmed by the detection of trans-hydrogen bond scalar couplings for each of the base pairs in the stem (Fig. 2) , indicating that the secondary structure proposed for the HIV-1 frameshift inducing stem±loop (Fig. 1) is forming in the NMR construct. The spectra exhibit dispersion of 1 H, 13 C, and 15 N resonances throughout the RNA suggesting that the molecule is well-structured (Figures 2 and 3 and data not shown). Sequential 1 H-1 H NOEs, indicative of A-form helical geometry, are observed throughout the stem, with the exception of a break between nucleotides C11 and A12 within the tetraloop (Fig. 3) . Additionally, NOEs indicative of base stacking are observed between the ®rst and second bases, as well as the third and fourth bases of the tetraloop (data not shown). These data suggest that the backbone turns at the mid-point of the tetraloop between C11 and A12, and that an even basestacking pattern occurs on either side of the turn. Additionally, an unusual NOE is observed between the H2 proton of the ®rst A (A10) and the H8 proton of the last A (A13), indicating that the two closing nucleotides of the tetraloop are in close proximity and adopt a non-canonical geometry.
The solution structure of the HIV-1 frameshift inducing stem±loop was calculated using 475 NOE restraints (an average of 21.6 per nucleotide), in addition to backbone torsion angle and hydrogen bond restraints for the A-form helical regions (Table 1) . Twenty RDCs were used to improve the long range order of the structure. Back-calculated RDCs from the ®nal structures agree well with the measured values (Fig. 4) . The inclusion of RDCs in the structure calculation improved the long range order and A-form geometry of the structures, while reducing the root mean squared deviation (r.m.s.d.) to 1.24 A Ê (Table 1 and Fig. 5A ), versus an r.m.s.d. of 1.93 A Ê for structures calculated without RDCs ( Table 1) .
The stem adopts an A-form helical geometry (Fig. 5B) , as would be expected for an RNA helix of nine Watson±Crick pairs, and is consistent with the NOEs observed in the H1¢-H6/ H8 region of the 2D NOESY (Fig. 3) . The ACAA tetraloop is highly structured (Fig. 5C ). The ACAA tetraloop maintains an equilateral 5¢ and 3¢ stacking pattern, in which C11 is stacked upon A10, and A12 is stacked upon A13 (Fig. 6 ). This geometry is consistent with the break in sequential NOEs between C11 and A12 (Fig. 3) as well as the presence of base stacking NOEs between A10 and C11 and between A12 and A13. A10 and A13 are positioned in close proximity to each other and form a sheared A´A base pair, by hydrogen bonding between the N3 of A10 and the amino proton of A13 (Fig. 6) . A hydrogen bond is also likely to form between the amino proton of A12 and the 2¢ oxygen of A10, as these atoms are between 2 and 3 A Ê apart in the 10 lowest energy structures (Fig. 6) . The sheared A´A base pair and the hydrogen bond between A10 and A12, along with the extensive base stacking likely act to stabilize the formation of this tetraloop structure.
DISCUSSION
We have solved the structure of the frameshift inducing stem± loop RNA of HIV-1, which forms a stable A-form helix capped by an ACAA tetraloop. The question remains, how does this structure function to induce frameshifting at the slippery site heptamer? One possibility is that the frameshift inducing stem±loop interacts with the ribosome during translation to facilitate the ±1 frameshift. If this is the case, the structure of the ACAA tetraloop may provide a binding surface for this event; such an interaction may also explain the high degree of sequence conservation observed for this structure.
Interestingly, we ®nd that the ACAA tetraloop assumes a conformation that is similar to a known RNA structure that serves as a recognition site for the RNase III protein Rnt1p in yeast (23, 24) . The RNA binding domains of RNase III interact with stem±loop structures possessing tetraloops with the consensus AGNN, and the AGNN fold is superimposable with the HIV-1 ACAA tetraloop structure (Fig. 7) , with a r.m.s.d. of 3 A Ê . The major difference between the ACAA and AGAA tetraloop structures is that the cytosine base in the HIV-1 tetraloop has an anti glycosidic torsion angle, whereas the guanosine adopts a syn conformation (23, 24) . Nevertheless, the two structures are closed by the same sheared A±A pair and adopt the same overall equilateral stacking pattern. This tetraloop fold exposes the Watson±Crick and Hoogsteen faces of the bases, with the ®rst two directed toward the major groove and the last two oriented in the minor groove. Therefore, this motif may provide a potential contact surface from either or both sides of the stem±loop. Previously, this family of tetraloops was thought to share the consensus (U/A)(G)NN (23±26); now, the consensus for this fold should be broadened to include cytosine at the second position (U/A)(G/C)NN.
The ACAA tetraloop also occurs within a conserved stem± loop that is part of the rev responsive element (RRE) region of HIV-1, a RNA structure that plays an integral role in regulating the expression of viral structural proteins (6). ACAA is not a common tetraloop sequence (27) , so it is curious that this tetraloop should be highly conserved at two functionally important regions of the HIV-1 RNA. The ACAA tetraloop may therefore be an attractive target for the development of antiviral agents speci®c for HIV-1, owing to its relative rarity and high level of conservation at two critical sites.
Saccharomyces cerevisiae RNase III catalyzes a doublestranded endonucleolytic break 13±16 base pairs away from AGNN tetraloops (28) . The ACAA tetraloop is a poor substrate for native S.cerevisiae RNase III, presumably due to a lack of the G determinant at the second position (24) . However, due to the structural similarities between the HIV-1 ACAA and AGNN tetraloops, it may be possible to engineer S.cerevisiae RNase III to selectively target HIV-1 mRNA, if it were possible to express or deliver this protein into HIV-1 infected cells.
Small molecules that alter HIV-1 frameshift inducing ef®ciency, presumably by interacting with the stem±loop, can signi®cantly reduce viral replication (2) . Therefore, computational searches for small molecules that may interact with the frameshift inducing stem±loop may have utility, as have been successfully applied with the HIV-1 TAR element (29, 30) .
Additional structure surrounding the HIV-1 frameshift inducing element may exist and contribute to the frameshift mechanism. Two alternative models have been proposed, which include additional elements of structure such as a triple helical structure (31) and an extended stem±loop structure (7).
Both of these secondary structure models incorporate the highly conserved and stable stem±loop structure presented here. To test these models directly, we are currently in the process of determining the structures of larger HIV-1 RNA constructs containing the conserved frameshift inducing stem±loop element and surrounding sequences. The solution 
